Objective: Atrial fibrillation (AF) is the most common cardiac arrhythmia, and radiofrequency catheter ablation of AF (RCAAF) has become increasingly popular. Cardiac stress and inflammation have been associated with AF. This study was performed to determine whether the pre-or post-AF ablation levels of high-sensitivity C-reactive protein (hs-CRP) and N-terminal pro-B-type natriuretic peptide (NT-proBNP) are predictive of AF recurrence. Methods: This multicenter prospective cohort study involved patients undergoing RCAAF in Switzerland and Canada. The primary endpoint was the recurrence of AF or atrial flutter at 6 months. Results: Of 202 patients, 195 completed follow-up (age, 57.5 AE 9 years; mean left ventricular ejection fraction, 62%; mean left atrial size, 19.4 cm 2 ). Patients with AF recurrence had larger atrial surfaces and longer total RCAAF times. Both the pre-ablation hs-CRP level and 1-day post-RCAAF NT-proBNP level were significantly associated with an increased risk of recurrence. Conclusions: The pre-ablation hs-CRP level and immediate post-ablation NT-proBNP level were markers for atrial arrhythmia recurrence after RCAAF. This confirms growing evidence of the role of inflammation in the pathogenesis of AF. These biomarkers appear to be promising stratification tools for selection and management of patients undergoing RCAAF.
Introduction
Atrial fibrillation (AF) is the most common cardiac arrhythmia and has a major impact on morbidity and mortality. 1, 2 The prevalence of AF increases with age 3 ; the reported prevalence is 0.5% among individuals aged 50 to 59 years and up to 8.8% among individuals aged 80 to 89 years. 4 The AF-associated morbidity rate is high, and the mortality rate is nearly twice that of individuals with sinus rhythm; mortality is mainly due to cerebral stroke. 4 Medical treatment of AF has yielded only partial success [5] [6] [7] [8] [9] and is often associated with numerous adverse effects. The clinical use of radiofrequency catheter ablation of AF (RCAAF), mainly with pulmonary vein isolation, has greatly increased over the past several years 10 despite a significant recurrence rate and the fact that the success rate remains at approximately 70% after the first intervention and 80% after two or more interventions.
AF is a disorganized tachyarrhythmia with irregular atrial activity initiated by ectopic foci from around or inside the pulmonary veins. Atrial flutter, an organized tachyarrhythmia caused by a macroreentry circuit in the right atrium, 11 often coexists with AF. RCAAF essentially involves ablation of lesions to electrically isolate the pulmonary veins and additional lesions, thus suppressing the arrhythmogenic substrate in the atria. This intervention requires a trans-septal approach and may be complicated by periprocedural hematomas, perforations, tamponade, stroke, and pulmonary vein stenoses. [12] [13] [14] [15] Therefore, identification of novel markers that will enable better selection of patients who could benefit from RCAAF is important. Current risk factors (such as an enlarged left atrium, prolonged duration of AF, and presence of structural heart disease) are less helpful predictors of AF recurrence after electrical or pharmacologic cardioversion because these parameters have been shown to lack proper accuracy 16 and are variably present in patients eligible for RCAAF. In contrast, inflammation and neurohumoral activation have been shown to play a role in the pathogenesis of AF and in the recurrence of AF following RCAAF. [17] [18] [19] [20] [21] [22] Two biomarkers reflecting and modulating these processes, namely N-terminal pro-B-type natriuretic peptide (NT-proBNP) 23 and highsensitivity C-reactive protein (hs-CRP), 24 have been shown to predict AF recurrence unrelated to RCCAF. [22] [23] [24] Interestingly, in a recent large population-based study including 5000 patients, these biomarkers provided incremental prognostic accuracy over clinical predictors, improving the net reclassification of patients by more than 13%. 25 Nevertheless, whether these two biomarkers are useful predictors of AF recurrence after RCAAF remains unclear.
This study was performed to assess whether the pre-and/or post-ablation plasma levels of hs-CRP and NT-proBNP are predictive of recurrence of AF and/or atrial flutter in this population.
Methods

Study population
This multicenter prospective cohort study included all eligible patients undergoing RCAAF at the Geneva University Hospital, Switzerland and Montreal Heart Institute, Canada during a 20-month period. The study was approved by the institutional review boards of both centers, and all patients provided written informed consent before inclusion. The inclusion criteria were an age of >18 years, documented paroxysmal or persistent AF for <2 years (thus including long-standing persistent AF) with or without typical atrial flutter [documented by electrocardiography (ECG) or Holter monitoring] after failed treatment with at least one class I or III anti-arrhythmic agent, and a clinical indication for RCAAF. The exclusion criteria were the presence of a reversible cause of AF, New York Heart Association class IV heart failure, a left atrial anteroposterior diameter of >55 mm measured by transthoracic echocardiography on a parasternal long-axis view, a left ventricular ejection fraction of <30%, any severe cardiac valve disease, and a history of prior AF ablation.
The following information was collected on standardized case report forms: baseline demographics, history and physical examination findings, cardiovascular risk factors, RCAAF parameters (including total ablation time), procedural complications, 12-lead ECG at 24 hours and 1 and 6 months after RCAAF, Holter monitoring immediately after and 6 months after RCCAF, echocardiographic findings at baseline (left ventricular ejection fraction, left atrial dimensions, and estimation of pulmonary hypertension), and 6-month clinical follow-up data. Recurrence was defined as documented AF or flutter lasting >30 seconds.
Endpoints
The primary endpoint was the recurrence of AF or typical/atypical atrial flutter documented by ECG or Holter monitoring. The secondary endpoints were the plasma level of NT-proBNP at 24 hours and the NT-proBNP and hs-CRP levels at 6 months after RCAAF.
RCAAF
During the first RCAAF procedure, pulmonary vein isolation was performed in all patients. One or multiple linear ablation lesions were added at the operator's discretion depending on the characteristics of the arrhythmias induced during the procedure. Cavotricuspid isthmus ablation was also carried out in selected patients with clinical documentation of typical atrial flutter. A second RCAAF was permitted in case of recurrence within the first 3 months following the initial procedure with the same protocol as the index intervention. Specifically, recurrence of AF or typical/atypical atrial flutter was defined as recurrence after the first procedure only, and events were censored at this point; therefore, a second recurrence was not accounted for. The operators were not aware of the baseline NT-proBNP and hs-CRP levels at the time of the procedure.
Biochemical analyses
Blood samples were taken the day preceding the RCAAF intervention, the day following the intervention, and at 6 months after RCAAF. Plasma samples obtained from blood centrifugation were maintained at À70 C until testing. Both the NT-proBNP and hs-CRP levels were dosed at the central laboratory of the Montreal Heart Institute on a routine autoanalyzer (Elecsys TM ; Roche, Basel, Switzerland) using electrochemiluminescence and immunonephelometric methods.
The NT-proBNP level was measured at baseline, day 1 post-ablation and at the 6-month follow-up, and the hs-CRP level was measured at baseline and at the 6-month follow-up.
Echocardiography
Echocardiograms were obtained and analyzed according to a standardized protocol in a core laboratory by two cardiologists blinded to the clinical and biomarker data.
Statistical analysis
Clinical data, biomarkers, and echocardiographic data are presented using descriptive statistics with mean and standard deviation or median and interquartile range for continuous variables and number and percentage for categorical variables.
Univariate analysis was used to identify potential predictive characteristics of AF recurrence using the Mann-WhitneyWilcoxon test or Fisher's exact test based on the continuous or categorical nature and normal or non-normal distribution of the variables. For the primary endpoint and for each biomarker, we conducted a Kaplan-Meier survival analysis. Cox proportional hazard regression risk analysis was performed with AF recurrence at 6 months as the dependent variable and measurement of the biomarker levels at baseline in continuous form as the independent variable. Cox analysis was also performed for AF recurrence at 3 to 6 months and for patients with an hs-CRP level of <10 mg/L (upper limit of the reference range). Significant variables (including procedural variables), as well as age and sex based on epidemiological considerations, were then included in multivariate logistic regression models using a stepwise selection process to adjust for confounding factors. Statistical significance was determined at a P-value of 0.05. To account for correlations between repeated measures in a given individual and to integrate baseline biomarker levels, adjusted Cox regression models were carried out with inclusion of an interaction term for the baseline NT-proBNP and hs-CRP values. All analyses were conducted with STATA 11.1 and R Statistics 3.1 (R Foundation for Statistical Computing, Vienna, Austria).
Results
In total, 202 patients were recruited: 147 at the Geneva University Hospital and 55 at the Montreal Heart Institute. Baseline data were incomplete for 5 patients, leaving 197 patients available for analysis. Furthermore, recurrence data were not obtained at 6 months for two patients. The baseline demographic and medical characteristics of the patients are shown in Table 1 . There was no significant difference in demographics between patients with and without recurrence. The mean age of all patients was 57.5 AE 9.2 years, the mean body mass index was 30 kg/m 2 , and 82% were men. The mean left ventricular ejection fraction was 62%, and the mean left atrial size was 19.4 cm 2 . The hs-CRP and NT-proBNP levels at admission were similar in both groups ( Table 1) .
The primary endpoint of documented AF or typical/atypical atrial flutter recurrence occurred in 94 patients (48.2%) during the 6-month follow-up period. In the univariate analysis, patients with and without recurrence at 6 months had no significant differences in age, sex, body mass index, atherosclerotic cardiovascular risk factors, or left ventricular ejection fraction. In contrast, patients with AF recurrence had a larger left atrial surface than patients without recurrence (20.34 AE 5.7 vs. 18.4 AE 5.0 cm 2 , respectively; P ¼ 0.004), a larger right atrial surface (17.7 AE 5.2 vs. 15.6 AE 4.2 cm 2 , respectively; P < 0.007), and a longer total radiofrequency ablation time (57.1 AE 18 vs. 46.9 AE 15.8 minutes, respectively; P < 0.001). Dyspnea at admission was significantly less frequent in patients with than without AF recurrence (69% vs. 81%, respectively; P ¼ 0.047). The NT-proBNP level at 6 months after RCAAF was significantly higher in patients with than without AF recurrence (P ¼ 0.001, Wilcoxon rank sum) ( Table 1) .
The Cox regression model included the baseline levels of NT-proBNP and hs-CRP, ablation time (in minutes), and left and right atrial surfaces with adjustment for sex, age, and dyspnea at baseline. The baseline NT-proBNP and hs-CRP levels were not associated with AF recurrence or atrial flutter in the multivariate Cox regression analysis (Tables 2 and 3 ). When the analysis was limited to patients with an hs-CRP level of <10 mg/L (n ¼ 175), the baseline hs-CRP level and ablation time were significantly associated with the risk of recurrence [hazard ratio (HR), 1.12; 95% confidence interval (CI), 1.01-1.24; P ¼ 0.03 and HR, 1.02; 95% CI, 1.01-1.03; P < 0.001, respectively]. The adjusted HRs were not significant for right and left atrial size in the multivariate analysis, although these were significant univariate predictors of AF recurrence. To account for possible collinearity between the Data are presented as mean and standard deviation or median and interquartile range for continuous variables and as n (%) for categorical variables. The Mann-Whitney-Wilcoxon test and Fisher's exact test were used based on the continuous or categorical nature and normal or non-normal distribution of the variables. AF, atrial fibrillation; CHD, coronary heart disease; MI, myocardial infarction; LV, left ventricular; LA, left atrial; RA, right atrial; NT-proBNP, N-terminal pro-B-type natriuretic peptide; hs-CRP, high-sensitivity C-reactive protein; D0, the day preceding radiofrequency catheter ablation of atrial fibrillation (RCAAF); D1, the day following RCAAF; M6, 6 months after RCAAF. *New York Heart Association class II and III heart failure. Analysis was performed for all patients and for patients with an hs-CRP level of <10 mg/L. The Cox regression model included NT-proBNP D0, CRP D0, ablation time (min), and LA surface area with adjustment for sex, age, and dyspnea. HR, hazard ratio; CI, confidence interval; NT-proBNP, N-terminal pro-B-type natriuretic peptide; hs-CRP, high-sensitivity C-reactive protein; LA, left atrial; RA, right atrial; D0, the day preceding radiofrequency catheter ablation of atrial fibrillation.
NT-proBNP level and atrial size, interaction terms were tested but did not significantly modify the results. The adjusted HRs calculated for the 11 AF recurrence events 3 months after RCAAF indicated no clinically or statistically significant associations; 89% of events occurred during the first 3 months of follow-up ( Figure 1 , KaplanMeier survival curve for recurrence). Considering the correlations among repeated measures taken from a given individual and integrating baseline biomarker levels, adjusted Cox regression models that included an interaction value for the baseline NT-proBNP and hs-CRP levels (Table 4) showed that every incremental 10-pg/mL increase in the NT-proBNP level on day 1 vs. day 0 was associated with an increased HR for arrhythmia recurrence (HR, 1.02; 95% CI, 1.01-1.03; P ¼ 0.004). Furthermore, the NT-proBNP levels at 6 months were significantly lower than at baseline (Table 1 ) but were still associated with an increased HR for arrhythmia recurrence (HR, 1.01; 95% CI, 1.001-1.014; P ¼ 0.03) ( Table 4) .
Discussion
In the present study, the immediate post-RCAAF and 6-month post-RCAAF NTproBNP levels were associated with an increase in recurrence of AF or typical/ atypical atrial flutter. Furthermore, the baseline hs-CRP level was associated with an increased risk of overall AF recurrence at 6 months in patients with a baseline CRP level of <10 mg/L. Indeed, the NT-proBNP levels at 6 months after RCAAF were significantly lower, albeit significantly higher relative values were measured in patients with AF recurrence, further suggesting an association between NT-proBNP and AF recurrence. Our 6-month recurrence rate corresponds to a 52% rate of absence of recurrence, but 89% of events occurred during the first 3 months of follow-up. Although the success rates reported in the literature appear higher than these, they are not necessarily directly comparable because they generally refer to longer-term results and not immediate ones.
Markers of systemic inflammation have been shown to be associated with AF, but few studies have demonstrated how the preablation levels of these markers can be used to predict AF recurrence following RCAAF. 20 One of the aims of this study was to determine whether the pre-or post-AF ablation levels of NT-proBNP and CRP are predictive of recurrence, with the goal of optimizing RCAAF patient selection and subsequent management. Certainly, the extent of ablation and the degree of tissue damage (e.g., reversible edema vs. irreversible coagulative necrosis) also play a significant role in the recurrence of AF. However, our subgroup analysis showed that after adjusting for procedural variables and the left atrial surface size, the post-ablation NT-proBNP and pre-ablation hs-CRP levels were possible predictors of AF recurrence in our prospective multicenter population of patients eligible for RCAAF.
The relatively high morbidity linked to AF recurrence after RCAAF is a major drawback to this approach to AF management. Our study suggests that inflammatory biomarker levels may enable stratification of the risk of recurrence, thus allowing better patient selection for RCAAF and optimized post-intervention monitoring. This in turn might significantly impact the duration of post-ablation anticoagulation and anti-arrhythmic drug therapies.
The importance of NT-proBNP as a predictor of the development of AF was shown in a previous study. 26 Although our study population is distinct from a general AF population in that all patients had been specifically selected for RCAAF, our study partly corroborates these findings despite the fact that the baseline NT-proBNP level was not associated with the risk of recurrence. NT-proBNP is an inactive cleavage product of the precursor protein pre-proBNP, the other product being BNP, a regulatory neurohormone for the cardiovascular system. NT-proBNP is a marker of ventricular stretch and is predominantly produced in the ventricular 
0.2 (1) Adjusted HR for NT-proBNP D0, hs-CRP D0, ablation time, LA surface area, RA surface area, sex, age, and dyspnea (2) Adjusted HR for NT-proBNP D0, CRP D0, ablation time, LA surface area, RA surface area, sex, age, dyspnea, and BNP D0 Â BNP D1 interaction (P ¼ 0.01) (3) Adjusted HR for NT-proBNP D0, hs-CRP D0, ablation time, LA surface area, RA surface area, sex, age, dyspnea, and BNP D0 Â BNP M6 interaction (P ¼ 0.4) (4) Adjusted HR for NT-proBNP D0, hs-CRP D0, ablation time, LA surface area, RA surface area, sex, age, dyspnea, and hs-CRP D0 Â hs-CRP M6 interaction (P ¼ 0.2) HR, hazard ratio; CI, confidence interval; AF, atrial fibrillation; NT-proBNP, N-terminal pro-B-type natriuretic peptide; hs-CRP, high-sensitivity C-reactive protein; LA, left atrial; RA, right atrial; D0, the day preceding radiofrequency catheter ablation of atrial fibrillation (RCAAF); D1, the day following RCAAF; M6, 6 months after RCAAF.
and atrial myocardium and in smaller proportions by the brain (from which it takes its name). [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Supraventricular tachyarrhythmias and specifically AF and atrial flutter have been correlated with an increase in the tissue expression levels of natriuretic factors such as BNP, NT-proBNP, and atrial natriuretic peptide. 39, 40 Furthermore, it has been suggested that elevated levels of these circulating biomarkers are associated with a high level of recurrence of AF after cardioversion. 41, 42 These biomarkers are elevated in patients with these arrhythmias independent of the presence of heart failure. 43, 44 Furthermore, they are predictive markers of the risk of thromboembolic complications. 45, 46 Surgical AF ablation (or the Maze procedure) has also been correlated with a decrease in the level of circulating natriuretic factors. 47, 48 The role of NT-proBNP in the pathogenesis of AF, be it causal or simply associated with AF, therefore remains of clinical interest.
Independent of other risk factors, inflammation as measured by the CRP level is associated with AF, and this association appears to be robust. [49] [50] [51] The exact mechanism by which inflammation confers a risk for the development of AF is not clear, but local atrial inflammation in the context of fibrosis in certain models has been described. 17, 52 Both systemic and local inflammation appear to influence the development of AF in various situations, including the postoperative period following cardiac and other types of surgery. 21, 51, 53 Further pathophysiologic research also suggests that structural abnormalities can affect the extracellular matrix, myocytes, and endocardial remodeling, including increased fibrosis and inflammatory changes. 54, 55 The CRP level is elevated in patients with AF and predicts successful cardioversion. 21, 24, 56 Chronic elevation of CRP and other inflammatory biomarkers has been shown to be a marker of systemic inflammation and predictive of an increased risk of incident myocardial infarction and stroke. [57] [58] [59] [60] CRP may also have prothrombotic effects and influence clinical outcomes through other mechanisms. Before the present study, however, the CRP level had not been evaluated as a marker for predicting AF recurrence prior to RCAAF.
The limitations of this study are related in part to its specific cohort design, which lacked a non-RCAAF control group, as well as the limited sample size. However, the prospective follow-up enabled multiple comparisons within groups of patients (e.g., AF recurrence versus no AF recurrence), thereby providing an informed perspective on these baseline values. Although the NTproBNP level at 1 day and at 6 months after RCAAF was associated with a statistically significant increase in the risk of arrhythmia recurrence, the HRs were small and the definite clinical significance may remain limited. A further limitation of our study is that patients with different subtypes of AF ranging from paroxysmal to long-standing persistent AF were enrolled without a standard management plan; in particular, no standardized ablation line protocol was implemented beyond pulmonary vein ablation. Identifying a clear subset of patients, establishing a clear ablation strategy, and ensuring better characterized outcomes may have improved the sensitivity of this study. Notably, most patients (approximately 80%) were men, and although sex was included in our multivariate modules, this distribution limits generalization of the results to women.
Conclusions
The baseline CRP and immediate postablation NT-proBNP levels appear to be useful markers for overall AF recurrence after RCAAF. This confirms growing data on the role of inflammation in AF. Although the pathophysiology of these markers remains unclear, CRP may be a promising stratification tool for patient selection, and NT-proBNP may help in post-procedure management planning. Further investigation is required to determine the cause of these elevated biomarker levels in this population and to confirm their usefulness in patient care.
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